A clue to hippocampal function has been the discovery of place cells, leading to the 'spatial map' theory. Although the firing attributes of place cells are well documented, little is known about the organization of the spatial map. Unit recording studies, thus far, have reported a low coherence between neighboring cells and geometric space, leading to the prevalent view that the spatial map is not topographically organized. However, the number of simultaneously recorded units is severely limited, rendering construction of the spatial map nearly impossible. To visualize the functional organization of place cells, we used the activity-dependent immediateearly gene Zif268 in combination with behavioral, pharmacological and electrophysiological methods, in mice and rats exploring an environment. Here, we show that in animals confined to a small part of a maze, principal cells in the CA1/CA3 subfields of the dorsal hippocampus immunoreactive (IR) for Zif268 adhere to a 'clustertype' organization. Unit recordings confirmed that the Zif268 IR clusters correspond to active place cells, while blockade of NMDA R (which alters place fields) disrupted the Zif268 IR clusters. Contrary to the prevalent view that the spatial map consists of a non-topographic neural network, our results provide evidence for a 'clustertype' functional organization of hippocampal neurons encoding for space.
Introduction
Based on the discovery of 'place cells' (O'Keefe & Dostrovsky, 1971) , O'Keefe and Nadel (1978) proposed that the hippocampus functions as a 'cognitive' or 'spatial' map. Although the existence of place cells is unequivocal, the configuration of the spatial map remains a mystery. Both theoretical models (Dabaghian, Mémoli, Frank, & Carlsson, 2012; Harris, 2005; Tsodyks, 1999) and empirical observations (Buzsáki, 2010; Harris, Csicsvari, Hirase, Dragoi, & Buzsáki, 2003; Pastalkova, Itskov, Amarasingham, & Buzsáki, 2008; Wills, Lever, Cacucci, Burgess, & O'Keefe, 2005; Wilson & McNaughton, 1993) suggest that space is represented by the synchronized activity of ensembles of cells. However, whether and how these may be topographically organized is not known. The majority of electrophysiological unit recording studies find a low coherence between geometric space and neighboring place cells (O'Keefe, Burgess, Donnett, Jeffery, & Maguire, 1998) . Thus, knowing the proximity of place cells to each other provides few clues as to what their place fields may be, and by extension, how the map may be constructed. Based on this evidence, the consensus view is that the spatial map consists of a widely distributed, non-topographically arranged neural network (McNaughton & Morris, 1987; O'Keefe et al., 1998) . Nonetheless, a few studies have suggested that a functional topographic organization of hippocampal cells may exist in animals performing either a spatial task or spatial exploration. Using multiunit recordings it was observed that place fields of neural ensembles (i.e., neighboring cells) were clustered ; Fig. 1 . Cluster-type functional organization in the dorsal hippocampus. (A) Schematic of circular maze. The maze contained three objects made of Lego building blocks. For the Fixed-Location group, mice were restricted to a small area by placing them inside a clear, cylindrical plexiglass tube. (B) Zif268 IR cell cluster analysis. Using NIH ImageJ, Zif268 IR cells were first thresholded (top), number-tagged and color transformed (middle). An average distance between IR cells was then calculated and a cluster was defined as cells falling within the mean +2 SD. Lines between cells (bottom) indicate cluster demarkations.
(C) Representative Zif268 expression images. Lower case letters show: a, entire hippocampus; b and c, magnification of area indicated with square box in CA3 and CA1, respectively. The color scale represents gradient of optical density of stained cells (top-to-bottom -lowest-to-highest) . For the Fixed-Location group (top, n = 6) there were clusters of a few IR cells (arrows), adjacent to non-Zif268 expressing cells. In contrast, in the Free-Exploration group (middle, n = 6), there were markedly more Zif268 IR cells which were evenly distributed. There were very few Zif268 IR cells in the NonExposed control group (bottom, n = 6). would, therefore, require different or a combination of methods that would allow the simultaneous assessment of activity of the entire placecoding population.
An alternative way of identifying neuronal activity has been through the use of immediate-early genes (IEGs). IEGs, such as Arc, cfos, Homer 1a and Zif268, are activated rapidly and transiently by various stimuli and are coupled to cellular activity (Worley et al., 1991 ; for reviews, see Guzowski et al., 2005; Kawashima, Okuno, & Bito, 2014) . Previously, Zif268 and c-fos have been used successfully to show functional compartments within ocular dominance columns in the visual cortex (Takahata, Higo, Kaas, & Yamamori, 2009 ). In the hippocampus, several studies have reported that a subpopulation of neurons express IEGs in response to exposure of an animal to a novel environment or a spatial task (Chawla et al., 2005; Guzowski, McNaughton, Barnes, & Worley, 1999; Guzowski, Setlow, Wagner, & McGaugh, 2001; Vann, Brown, Erichsen, & Aggleton, 2000; Vazdarjanova, McNaughton, Barnes, Worley, & Guzowski, 2002 ; for reviews, see Kubik, Miyashita, & Guzowski, 2007; Miyashita, Kubik, Lewandowski, & Guzowski, 2008) . However, these studies have either not analyzed the distribution of IEG expressing cells or failed to observe a topographic organization (Redish et al., 2001 ).
Using Zif268 labelling in combination with behavioral, pharmacological, electrophysiological and computational methods, we now provide evidence for a cluster-type functional organization of hippocampal place cells to encode for space. We observed that in animals exposed to a restricted part of an environment, Zif268 IR cells formed clusters of a few active cells adjacent to non-active cells. Further, NMDA R blockade, which is known to disrupt the long-term stability of place cells (Kentros et al., 1998 ; for review see Nakazawa, McHugh, Wilson, & Tonegawa, 2004 ) also disrupted the Zif268 IR cell clusters. Finally, we recorded within the Zif268 IR clusters and show that they correspond to active place cells. All together, the results suggest that the hippocampus conforms to a cluster-type functional organization to encode for space. We believe this to be a fundamental organizational principle for this structure.
Methods

Subjects
The experiments to determine topographic organization of Zif268 expression and effects of N-methyl-D-aspartate (NMDA) blockade on such expression were performed on male, C57BL/6J mice (Charles River Labs, Wilmington, MA, USA; 29.6-38.8 g, at time of testing). Mice were group housed and kept on a 12:12 h light:dark cycle, lights on at 08:00 h, with food and water available ad libitum. Two days prior to the experiment, the mice were single housed and kept in an isolation chamber. The experiments in which place cells were recorded were performed on male, Long-Evans rats (Charles River Labs; 360-540 g, at time of testing). The rats were group housed, with food and water available ad libitum. After surgery for the implantation of electrodes, they were single housed. Following recovery from surgery, they were food restricted to 80% of their ad libitum weight, to enhance their exploratory behavior by searching for food pellets on the maze. All animals were treated in accordance with the National Institute of Health Guide for Care and Use of Laboratory Animals (NIH publication No. 80-23, revised 1996) and approved by The Rockefeller University Animal Care and Use Committee. All efforts were made to minimize the number of animals used as well as their stress and suffering.
Apparatus and behavioral testing
In the experiments to determine functional organization, mice were tested on a circular maze (Fig. 1A) . The maze was constructed from sheet metal that was looped to form a cylinder. The wall of the maze was uniformly white and was 120 cm in diameter and 40 cm high. The floor of the maze consisted of thick black paper while the ceiling was covered with a white semi-transparent paper that would allow even illumination to go through but prevented the animals from seeing outside cues. The animal's behavior was observed through a small pinhole on the top. Three different shaped objects (Lego building blocks; Billund, Denmark) were placed inside the maze in a triangular configuration.
To minimize background Zif268 expression (that may result from novelty or stress), animals were exposed to the test apparatus on two consecutive days. To further suppress Zif268 expression (that may result from various stimuli), they were confined to an isolation chamber for 48 h, immediately prior to the experiments. The isolation chamber was soundproofed and totally dark. Repeated exposure to the test apparatus would also activate place cells and establish a spatial map. (Based on electrophysiological studies, place fields form rather quickly -within a few minutes of an animal entering a new place -while repeated exposure to the same place stabilizes place fields (Frank, Stanley, & Brown, 2004; Hill, 1978; Wilson & McNaughton, 1993) . Once established, place fields are relatively stable -that is, if an animal is brought back to the same environment days to weeks later, the same subset of place cells become engaged (Muller, Kubie, & Ranck, 1987; Thompson & Best, 1990) .)
On the day of the experiment, the animals were exposed to the maze for 15 min with lights on. There were three groups of animals: (1) FixedLocation -animals were placed in a transparent Plexiglas cylinder (12 cm diameter, 18 cm high), located on one side of the maze. There was sufficient space for the animals to move around and not be completely confined. The view of the rest of the maze and the objects within the maze was unobstructed; (2) Free-Exploration -animals were placed on the center of the maze and allowed to free explore for 15 min. Following exposure to the maze, the animals were returned to their home cage and were placed in isolation for 2 h, following which they were deeply anesthetized (Nembutal), perfused, and their brains processed for Zif268 immunohistochemistry (IHC); (3) A group of NonExposed (home cage) controls were also included. These animals were kept in their home cages at the center of the maze for a similar amount of time with the lights turned off (complete darkness). At the end of this period they were placed in isolation for 2 h following which they were deeply anesthetized, perfused and their brains processed for Zif268 IHC.
In the experiments to test effects of N-methyl-D-aspartate receptor (NMDA R ) antagonists on functional organization, mice were tested on an 8-arm maze (Fig. 4A) . The arms of the maze were 40 × 8 cm, and were enclosed with clear plexiglass. The maze was located in a black painted room approximately 3 m 2 . A number of visual cues were placed on the walls and on the side of the arms. The animals were exposed to the maze for two days prior to the experiment. They were then placed in an isolation chamber for 48 h. On the day of the experiment, the animals were injected either with the NMDA R antagonist CPP (10 mg/kg, IP, Sigma-Aldrich, St. Louis, MO, USA) or the vehicle (saline). They were then placed inside a stainless steel cylinder (15 cm in diameter, 25 cm high) located in the center of the maze, with lights turned off, for 1 h. Following this, they were exposed either to one of the arms (FixedLocation group) or allowed to explore the entire maze (Free-Exploration group) for 15 min. They where then placed back in the stainless steel cylinder for 2 h (lights off) following which they were anesthetized (Nembutal), perfused and their brains processed for Zif268 IHC.
To determine effects of locomotion on Zif268 expression, one group of mice (n = 3) was tested on a running wheel. The running wheel was placed inside the circular maze, with no visual cues. The animals were placed on the wheel and closed in with a door, to promote continuous locomotion. The running wheel had an automatic counter to record activity levels. The animals were acclimated to the running wheel on two consecutive days, followed by isolation for 48 h. On the day of the experiment, they were placed on the running wheel for 15 min and were then returned to their home cage for 2 h following which they were anesthetized (Nembutal), perfused and processed for Zif268 IHC. All of these procedures were performed in the dark (under red light).
In the experiments in which unit activity was recorded, rats were tested either on a 'plus' (Fig. 5B) or an 8-arm maze (Fig. 6C) . The maze was located in a black painted room approximately 3 m 2 , with a number of visual cues attached to the wall. Following recovery from surgery, the animals were tethered to electrophysiological equipment and unit recordings were performed, while they were foraging for food. Once successful recordings that met the experimental criteria (i.e., at least 2 cells from different electrodes and non-overlapping place fields) were achieved, the animals were placed in an isolation chamber for 48 h prior to the experiment. On the day of the experiment, they were confined to the place field of a chosen cell either by placing a Plexiglass barrier on the arm or with a cylindrical wire mesh that was placed over the place field. Neither of these methods obstructed the animal's view of the environment. Recordings were performed during this exposure to assess the unit's activity. In all cases, the behavior was either video recorded or observed on-line and carefully documented.
2.3. Anatomy 2.3.1. Immunohistochemistry IHC methods were similar to those described previously (Mello & Ribeiro, 1998) . Briefly, animals were deeply anesthetized with Nembutal (100 mg/kg) and perfused sequentially with phosphate-buffered saline (PBS; pH 7.4), and 4% paraformaldehyde in 0.1 M phosphate buffer (PB; pH 7.4). The brains were removed, washed overnight at 4°C in 0.1 M PB under agitation, incubated in 20% sucrose in 0.1 M PB, frozen and stored at −80°C. 30 µm sections were cut on a freezing microtome and stored in PBS at 4°C. Free-floating sections were then incubated sequentially as follows: (1) 20 min at room temperature in avidin blocking solution followed by 20 min at room temperature in biotin blocking solution in 0.1 M PBS, at the dilution recommended by the manufacturer (Vector blocking kit; Vector Laboratories, Burlingame, CA, USA); (2) 60 min at room temperature in blocking solution (3% skim milk and 0.3% Triton X-100 in 0.1 M PBS); (3) 24 h at 4°C in blocking solution containing a rabbit anti-egr-1 antiserum (0.01 µg/ml; C-19, Santa Cruz Biotechnology, Santa Cruz, CA, USA) raised against the carboxy-terminus of mouse egr-1; (4) 2 h at room temperature in blocking solution containing biotinylated goat anti-rabbit IgG (1:400, Vector Laboratories); and (5) 1 h at room temperature in avidin-biotin complex (ABC) reagent at the dilution recommended by the manufacturer (Vector Laboratories). Each of the steps above were followed by three washes (10 min each) in 0.1 M PBS (pH 7.4), except between steps 2 and 3. The sections were then developed by incubation in 0.03% diaminobenzidine, 0.15% nickel-ammonium sulfate, and 0.001% H 2 O 2 in PBS followed by rinsing in PBS. They were mounted on gelatin coated microscope slides, air dried, dehydrated, and cover-slipped with DPX (Sigma-Aldrich). To assess the specificity of our detection system, IHC controls were run as described above but omitting incubations with either the primary or secondary antisera. The pre-absorption control was performed by incubating the anti-Zif268 antiserum at the working dilution with a ten-fold excess (by weight) of the corresponding preabsorption peptide, essentially as recommended by the manufacturer (Santa Cruz Biotechnology). Sections from different treatment groups were processed for IHC at the same time.
Image analysis and distribution of Zif268 IR cells
All image and cellular distribution analysis was done blind with regards to experimental/control groups. Two brain sections at approximately the same stereotaxic coordinates, from each group of animals, were scanned on a light microscope (Olympus BX60, Tokyo, Japan) at 10X magnification and the entire hippocampal area in each section was reconstructed by means of a stereology setup (Intelligent Imaging Innovations, SlideBook 4.1, Denver CO, USA). Using NIH ImageJ software, Zif268 IR cells were then selected by first taking an average optical density (OD) for a large number of cells (> 100) within a specific hippocampal area (i.e., CA1, CA3, dentate gyrus (DG)) and operationally defining Zif268 IR positive cells as those exceeding 2 standard deviations (SDs) above the mean OD. Using this threshold, all Zif268 IR cells were number-tagged. Since Zif268 IR cells differed in density across different fields (i.e., CA1, CA3, DG), we performed a separate analysis for each field. Besides optical density, the average diameter ( ± SD) of the Zif268 IR cells was also calculated. This measure was used to avoid miscounting very closely located cells. Cells exceeding the mean +2 SDs diameter were counted as two (or more) cells. For quantification of cell clusters in the CA1 hippocampal field, the total number of cells per 50 µm was calculated and plotted over approximately a 2.5 mm area, extending from the most proximal to the most distal part of CA1. A similar analysis was performed in the CA3 field, spanning between fields CA4 and CA2. The formation of clusters was determined by first calculating the average distance between each Zif268 IR cell and its closest neighbor within an area (e.g., CA1, CA3). Since the compactness (i.e., distances between cells) differed between the CA1 and CA3 fields (data not shown), a separate analysis was performed for the two fields. A cluster was then defined as two or more cells located within the average distance +2 SDs. Cells falling outside this distance were considered as belonging to a different cluster (or were part of a non-cluster, i.e., single cells; Fig. 1B ). For all measures, an average was calculated for all animals and used for the comparisons across groups. Differences in the number of clusters, cells within a cluster and distances between clusters, were analyzed with 2-tailed ttests with significance set to p < 0.05.
In order to further establish whether the Zif268 IR cells adhered to a non-random distribution, we used NIH ImageJ and customized MatLab software to simulate random placements (x-y coordinates) of the nuclear labelling within each reconstructed hippocampus. For each animal in the Fixed-Location (n = 4, randomly selected from a total of 6 animals) and CPP injected (n = 4) groups, a separate mask of all the Zif268 IR cells was made for the CA1 and CA3 fields, by running 300 random iterations to provide the simulated x-y coordinates of each cell. A circular nuclear shape area was calculated using the average diameter of the Zif268 IR cells. The hippocampal boundary was maintained and the simulated labeled nuclei were randomly placed within it; spatial overlaps were resolved by randomly replacing the incoming cell nucleus. Differences between real and random distributions of clusters were analyzed using a two-sample Kolmogorov-Smirnov test, significance set to p < 0.05.
Electrophysiology
Electrodes and surgery: Single electrodes
The electrodes consisted of tungsten rod, etched to a fine tip. These were insulated with Epoxylite (The Epoxylite Corp., Irvine, CA, USA) except for 10-15 µm off the tip. The electrodes were 'bubbled' (1 mA positive current, < 1 s) to clear the tip and produce impedances of ∼0.2-0.7 MΩ (prior to implantation; measured at 1 kHz). This provided two advantages: (1) due to their sharp tips they caused minimum damage to brain tissue; (2) due to the relatively higher impedances (than tetrodes) they allowed the recording from a few close-by cells, thus, allowing the identification of the recording site in relation to the Zif268 IR clusters. The electrodes were mounted on a custom-built microdrive assembly that was both moveable and sufficiently compact to allow bilateral implants (Fig. 6A) . By rotating a screw on the assembly, the electrodes advanced in small (10-20 µm) increments. Each assembly could be moved independently so that single unit recordings were optimized for each hemisphere.
Multi-electrode arrays
Recordings from different clusters of cells were also accomplished with custom-built multi-electrode arrays. The electrodes consisted of stainless steel insect pins (Fine Science Tools, Foster City, CA, USA),
Neurobiology of Learning and Memory 161 (2019) 122-134 which were insulated with Epoxylite. The insulation was scraped off the tip (10-15 µm) and 'bubbled' (1 mA positive current, < 1 s) to produce impedances ∼0.2-0.7 MΩ (prior to implantation; measured at 1 kHz). The array contained 6-8 electrodes, arranged in two rows with a spacing between each electrode of ∼200 µm. The electrode array was mounted to a custom-built microdrive (Fig. 5A ). The microdrive consisted of a 10 pin connector (Omnetics, Corp, Minneapolis, MN, USA) which was set in a dental cement block. The block also consisted of two screws at the bottom of which were posts made of cement. The posts were attached to the animal's head, which was anchored to skull screws. By rotating the two screws the assembly advanced at small (10-20 µm) increments.
Surgery
Rats were deeply anesthetized with sodium pentobarbital (50 mg/ kg, i.p., with supplemental doses as needed). During surgery, the depth of the anesthesia was monitored on a regular basis by toe pinch reflex, respiratory and heart rate. Further, the animal's temperature was monitored and controlled with a homeothermic temperature control unit (Harvard Apparatus, Holliston, MA, USA). After deep anesthesia was reached, the animal was mounted on a stereotaxic frame (Kopf Instruments, Tujunga, CA, USA). The skin over the skull was incised and retracted. Four anchoring screws (for holding the electrode assembly) were screwed into the skull. One of the screws also served for grounding the animal to the equipment. Depending on whether unilateral or bilateral electrode implants were performed, one burr hole was drilled on the left hemisphere or bilaterally, for the insertion of the electrode assemblies. The electrodes were aimed at the dorsal hippocampus, either the CA1 or CA3 cell body layers (parallel to the mid-sagittal suture), at the following coordinates: A-P, bregma − 3.1 mm; M−L, midsagittal suture ± 3.2 mm; D-V, −2.5 mm from skull surface (slightly adjusted for CA3). During the implantation, recordings were performed and the CA1/CA3 pyramidal cell layer was localized. The electrodes were then retracted ∼200 µm above the cell body layer and the assemblies were cemented to the skull. At the completion of surgery, a triple antibiotic ointment was applied to the wound and the animals were injected (I.P.) with Penicillin (75,000 U) to prevent infections. The animals were placed in their home cage heated with a lamp to maintain temperature and were monitored till recovering from anesthesia. For the reduction of pain, liquid Ibuprofen (100 mg) was added to the drinking water. The animals were allowed 7-10 d recovery before being used in an experiment.
Unit recordings and discrimination
Following the recovery period, recordings were initiated while the animals were freely behaving either on a 'plus' or an 8-arm maze. The electrodes were advanced slowly (∼40 µm/d at 20 µm increments) to the pyramidal cell layer searching for units. Physiological recordings (including unit activity and local field potentials; LFPs) were made either with NB-MIO-16X, A/D converters and custom built softwareLabVIEW (National Instruments, Austin, TX, USA) or a Plexon system (Plexon, Inc., Dallas, TX, USA). For unit recordings, the gain was set at 10 K and the filters were set at 300 Hz-10 KHz. The signals were digitized at 20 KHz/channel. For LFPs the filters were set at 3-300 Hz. Recordings were stored on a computer hard drive for further off-line analysis. Once units were encountered, the recordings were optimized and each unit was discriminated and mapped for place fields. The objective was to identify two or more units with distinct, non-overlapping place fields recorded from different electrodes. Once this was accomplished, the animals were sequestered in an isolation chamber for 48 h. On the day of the experiment, the animals were exposed for 15 min to the place field of one unit (by placing him inside a cylindrical wire mesh or confining him with clear plexiglas barriers), while restricting him from entering the place field of the second unit (Fig. 5B) . Continuous recordings confirmed that the barriers did not alter the cell's place fields, as could occur with placement of opaque barriers .
Unit discrimination and place maps were performed both on-and off-line. The on-line discrimination and place field map construction was essential to ensure that the unit being exposed displayed high firing rates, while the unit prevented from entering its place field had low firing rates. In off-line analysis, all units (with a signal-to-noise ratio of 2:1 or better) were discriminated and place field activity was again determined and mapped in 2-D place coordinates. Units were classified either as "complex spike" cells or "theta" cells and their firing repertoires were carefully documented. (Theta cells were excluded from further analysis.) Place fields were constructed from pixel firing rates, according to the algorithm created by .
Electrode localization
Electrode localization was performed on the brain sections using light microscopy, along with stereotaxic measurements, at the time of electrode implantation, and subsequent electrode advances in search of place cells. The location of the electrode tip at its final recording position in stratum pyramidale was identified by reconstructing the trajectory of the electrode tract, which was clearly visible, given the relatively large diameter of the electrode shaft (250 mm), the chronic nature of the implant, and the fact that the brains were perfused prior to electrode removal. Furthermore, the hippocampal pyramidal layers are relatively narrow (CA1: approx. 50 µm; CA3 75-100 µm) and the first encounter of pyramidal cells to the final destination was recorded. Thus, the location of the electrode tip, relative to Zif268 IR cells, could be estimated with a high degree of precision.
Video recordings
Besides, the physiological recordings, the Plexon system allowed for simultaneous video recordings of the animal's behavior. The video tracking system consisted of a CCD camera (Sony, ImagingSource, DFK21F04, Tokyo, Japan; placed on top of the maze), a dedicated computer that digitized and time-stamped location coordinates (which were then matched with unit firing) and software (Plexon, CinePlex) which coordinated video recordings, produced place maps from place location and unit firing, etc. The tracking of the animal's location was accomplished by having two LED's on the head stage which connected to the implant on the animal's head. The LEDs allowed both for location information as well as the animal's directionality.
Results
Distribution of Zif268 IR cells
In the Fixed-Location group (n = 6), Zif268 expressing cells were sparse but concentrated in clusters of a few active cells interspersed with non-active cells. The clusters were seen throughout the dorsal CA1 and CA3 fields (Fig. 1C, top panel) . The average number of detected Zif268 IR clusters spanning the CA1 field were 7.8 ± 0.9 (Mean ± SEM), while the number of cells/cluster were 4.6 ± 0.5 cells. In the CA3 field, the number of detected Zif268 IR clusters was 2.5 ± 0.5, while the number of cells per cluster was 3.8 ± 0.7. The average intercluster distance for the CA1 field was 137.6 ± 36.6 µm, while in the CA3 field it was 200.1 ± 34.2 µm. In marked contrast, in the FreeExploration group (n = 6), there were markedly more Zif268 expressing cells than in the Fixed-Location group and they were evenly distributed throughout the CA1/CA3 fields (Fig. 1C, middle panel) . In Non-Exposed (control, n = 6) animals, there were a lot fewer Zif268-expressing cells, than the exposed groups, and no clustering of Zif268-expressing cells was evident (Fig. 1C, bottom panel) . The distribution of Zif268 IR cells in the CA1 field across the different experimental groups is presented in Fig. 2 . Discounting single cells, the clusters become evident for the Fixed-Location group (Fig. 2a) . The distance between clusters was approximately 200 µm. The average Zif268 IR cells in the Free-Exploration group was more evenly distributed ( Fig. 2B ; see also Table 1 ).
The larger number of Zif268 IR cells in the Free-Exploration group could not be entirely accounted for by the higher locomotor activity, since allowing animals to free-run (for a similar amount of time) on a running wheel did not activate a comparable number of Zif268 cells as in the Free-Exploration group (Fig. 2D) . In comparison to the Free-Exploration group (Fig. 2B) , the number of Zif268 expressing cells in the CA1 field of the Running-Wheel animals (n = 4) was approximately 1/4 (Free-Exploration: 6.24 ± 0.27 vs Running-Wheel: 1.56 ± 0.16, Mean ± SEM; t (10) = 7.14, p < 0.0001), even though the locomotor activity was higher (continuous running vs exploration) for the Running-Wheel group. Further, the Zif268 IR cells did not form clusters, as seen in the Fixed-Location group (Fig. 1C) .
Unlike the cluster-type organization in the CA1/CA3 fields, we observed relatively fewer Zif268 IR cells in the ventral hippocampus and there was no evidence of clustering (Fig. 3) . Similarly, we observed very few Zif268 expressing cells in the DG, especially in the Fixed-Location (Fig. 1C, top panel) and Control groups (Fig. 1C, bottom panel) . For the Free-Exploration group some of the granule cells were Zif268 IR positive, albeit at lower expression levels than pyramidal cells (Fig. 1C, middle  panel) .
Effects of NMDA R blockade on Zif268 IR cell distribution
CPP administration produced a significant, although subtle, disruption of the Zif268 clusters, in the Fixed-Location group. In the CA1, the average number of clusters (in the entire field) was lower in the CPP (n = 4) than in the vehicle-injected (n = 4) control group (5.7 ± 0.6 vs 8.2 ± 0.8; t (17) = 2.52, p < 0.02). The average number of cells/ cluster, however, was not significantly different (CPP 5.3 ± 0.5 vs vehicle-injected controls 4.4 ± 0.4, p > 0.05; Fig. 4 , middle panel). A significant difference was also observed in the distance between clusters (CPP, 56.9 ± 4.0 µm vs vehicle-injected Control, 116.5 ± 30.2 µm; t (16) = 2.2, p < 0.04), which would indicate less compactness of the clusters in the CPP group (i.e., cells within the cluster were more widely distributed). In the CA3 field of the CPP-injected animals, there were fewer clusters which approached but were not significantly different from the vehicle-injected control group (CPP, 1.5 ± 0.3 vs vehicle-injected controls, 2.6 ± 0.5; p = 0.08). Also, the number of cells/cluster did not differ significantly for the CA3 field (CPP, 3.8 ± 0.6 vs vehicleinjected controls, 3.4 ± 0.9; p > 0.05). Further, the distance between clusters in the CA3 field did not differ significantly between the CPP and vehicle-injected control group (111.9 ± 16.5 µm vs 181.1 ± 30.4 µm; p > 0.05). Interestingly, CPP also dramatically reduced Zif268 expression in the Free-Exploration group (Fig. 4 , bottom panel), compared to non-injected animals exposed to a complex environment (Fig. 1C, top panel) .
To determine whether the Zif268 IR clustering we observed could have resulted randomly, we performed two-sample KolmogorovSmirnov tests to compare the closest neighbor distributions between real and randomized cell samples. (Table 2 shows the corresponding p values of the comparisons between distributions.) For the CA1 hippocampal field of the Fixed-Location group, the real samples were significantly different from the randomized samples in 3/4 animals tested (p < 0.05, bold values in Table 2 ). In contrast, for the CPP injected group, the distribution of the real sample was different than the randomized sample in 2 out of 4 animals. For the CA3 hippocampal field, Fig. 2 . Average distribution of Zif268 IR cells in the CA1 field of the dorsal hippocampus. Zif268 IR cells were quantified in 50 µm intervals starting most proximal and extending approximately 2.5 mm most distal to CA3. Clear clusters become evident for the Fixed-Location group (A; n = 6), while for the FreeExploration group (B; n = 6) there were markedly more Zif268 IR cells which were also more evenly distributed. There were very few Zif268 IR clusters for the Non-Exposed group (C; n = 6). The number of Zif268 expressing cells of the Running-Wheel animals (D; n = 4) was approximately 1/4 (Running-Wheel: 1.56 ± 0.16 vs Free-Exploration: 6.24 ± 0.27; Mean ± SEM, p < 0.0001), compared to the Free-Exploration group, even though the locomotor activity was comparable (if not higher). Further, the Zif268 IR cells did not form clusters in the Running-Wheel group, as seen in the Fixed-Location group. Please note that single cells are displayed in gray.
Table 1
Zif268 IR cell distribution (mean ± SEM; µm) in the Fixed Location and CPP-and Vehicle-Injected groups. Note that all groups were exposed to a fixed location, although location differed between the injected and non-injected groups. 
CA1
7.8 ± 0.9 4.6 ± 0.5 137.6 ± 36.6 5.7 ± 0.6 5.3 ± 0.5 56.9 ± 4.0 8.2 ± 0.8 4.4 ± 0.4 116.5 ± 30.2 CA3 2.5 ± 0.5 3.8 ± 0.7 200.1 ± 34.2 1.5 ± 0.3 3.8 ± 0.6 111.9 ± 16.5 2.6 ± 0.5 3.4 ± 0.9 181.1 ± 30.4
C. Pavlides, et al. Neurobiology of Learning and Memory 161 (2019) 122-134 the distribution of real samples differed from randomized samples in 3 out of 4 animals in the Fixed-Location group while in the CPP injected group, the distributions differed significantly in only 1 out of 4 animals, indicating that NMDA R blockade disrupted the spatial-induced clusters.
Recordings within Zif268 clusters
In order to determine whether the Zif268 IR cell clusters observed in the Fixed-Location group correspond with the activity of place cells, we performed unit recordings in freely behaving animals. For a number of reasons (e.g., brain size; previous literature), these experiments were performed in rats. In preliminary studies, we also observed a clustertype organization of Zif268 IR cells, in rats exposed to a fixed location (data not shown). Successful recordings of two cells, located in different electrodes and with non-overlapping place fields were performed in three animals.
Representative recordings in the CA3 field are shown in Fig. 5 . Using a multi-electrode array, recordings were made from 2 cells in the dorsal CA3 pyramidal cell layer, using two different electrodes. Unit 1 (sig 005, Fig. 5C , top) had a place field on the lower right arm. Unit 2 (sig007, Fig. 5C , bottom), had two circumscribed although disjointed place fields on the upper left arm (close to the center) and on the lower right arm. On the day of the experiment, the animal was placed within a wire mesh enclosure centered over one of Unit 2 place fields (Fig. 5C , bottom right) for 15 min, while restricting it from the place field of Unit 1. During exposure to the place field, Unit 2 fired at high rates within its place field, while Unit 1 showed very low, background activity. Zif268 expression is shown in Fig. 5D , along with placement of the two electrodes. The tip of the electrode from which Unit 2 was recorded was localized within a Zif268 IR cluster (bottom; arrow) while the tip of the electrode from which Unit 1 was recorded was localized outside Zif268 IR cells (top; arrow).
Similar recordings were performed in the CA1 field (Fig. 5E ). In this example, two different cells were recorded simultaneously. Unit 1 (sig003) had a place field on the start of the lower left arm while Unit 2 (sig005) had a place field on the right side of the center platform. On the day of the experiment, the animal was exposed to the place field of Unit 2, while being prevented from entering the place field of Unit 1. During the exposure, Unit 2 fired at high rates while Unit 1 was practically silent. Zif268 expression is shown in Fig. 5F . Histological examination revealed that the tip of the electrode for Unit 2 was localized within a Zif268 IR cell cluster (left arrow) while the tip of the electrode used to record Unit 1 was localized outside Zif268 IR cells.
In a third experiment, recordings were performed bilaterally in the CA1 field using single sharp electrodes (Fig. 6 ). Animals were tested in an 8-arm maze. Two units were recorded simultaneously. Unit 1 had a discrete place field in the start of arm 7 while Unit 2 displayed enhanced firing in arms 3, 4 and 5. During the experiment, the animal was restricted to arm 7, for 7 min. Zif268 expression is shown in Fig. 6D . As in the previous two experiments, the electrode tip from Unit 1 was localized within a Zif268 IR cluster while the tip from which Unit 2 was recorded was localized outside Zif268 IR cells. Taken together, these results show that the Zif268 IR clusters represent active place cells.
Discussion
The hypothesis put forward by O' Keefe and Nadel (1978) that the hippocampus functions as a 'cognitive' or 'spatial' map is supported not only by the discovery of place cells, but also by numerous behavioral/ lesion studies in animals (for reviews see, Eichenbaum, Dudchenko, Wood, Shapiro, & Tanila, 1999; Poucet, Save, & Lenck-Santini, 2000) and brain imaging studies in humans . With regards to the functional neuronal organization that comprises the 'spatial map', the dogma, thus far, has been that it is essentially random. This is based on unit recordings -the majority of which show no topographic organization of place cells -along with the fact that both the extrinsic and intrinsic projections are extensive and make en passant-type contact with numerous cells, suggesting a random-type functional organization. Using a combination of molecular, behavioral, pharmacological and recording methods and by restricting the spatial exposure of animals to a small part of an environment, we show here that hippocampal principal cells in the dorsal CA1/CA3 fields form clusters of a few active cells adjacent to non-active cells, thus providing clear evidence of a topographic functional arrangement in the hippocampus. This is reminiscent of the cluster-type organization that has been observed in sensory neocortex (Hubel & Wiesel, 1965; Mountcastle, 1997) and would best conform to the lamellar-type hippocampal organization proposed by Andersen, et al. (Andersen, Bliss, & Skrede, 1971) . Although the lamellar hypothesis fell into disfavor for some time, based on anatomical evidence showing divergent projections along the hippocampal longitudinal axis, its validity has recently been revisited (Sloviter & Lømo, 2012) . Thus far, our analysis concentrated on a narrow portion of the dorsal hippocampus and the clusters we observed spanned the proximal-distal extent of the CA1 and CA3 fields. On the other hand, the lamellar organization proposed by Anderson and colleagues referred to the septal-temporal axis -although speculative, we propose that a cluster-type organization will also be true in this axis.
Interestingly, the clusters became evident only when animals were exposed to a small part of the environment, while in animals allowed to explore the entire maze, there were markedly more Zif268 expressing cells and they were evenly distributed throughout the CA1/CA3 fields. The most parsimonious explanation is that by exploring a larger part of the environment more place cells became engaged. The increase in the Fig. 3 . Representative Zif268 expression image of the ventral hippocampus in the Fixed-Location group. a, entire hippocampus; b, magnification of area indicated with square box in a. In the ventral hippocampus, there were fewer Zif268 IR cells, and they were more diffusely scattered, compared to the dorsal hippocampus.
C. Pavlides, et al. Neurobiology of Learning and Memory 161 (2019) 122-134 number of active cells could not be completely accounted for by the increase in motor activity, since we did not observe a similar number of Zif268 expressing cells in animals active in a running wheel. However, besides the increases in movement (during exploration of the entire maze), the animal may have experienced other sensory inputs (e.g., olfactory, somatosensory) which could also account for the increased Zif268 expression. This possibility will have to be further investigated. Using IEGs (e.g., c-fos, Zif268, Arc, Homer1a), previous studies reported a high correlation between IEG expressing cells and spatial exploration/learning (Chawla et al., 2005; Guzowski et al., 1999 Guzowski et al., , 2001 Vazdarjanova et al., 2006) . The basic behavioral paradigm has been to let animals either freely explore or to manually move them throughout all parts of a small environment (e.g., square box, linear track), following which they were euthanized and IEG expression determined. The results from these experiments show that approximately 40% of hippocampal pyramidal cells in the CA1 and CA3 regions express Arc, Homer 1a and Zif268, similar to what we observed in the Free-Exploration group. None of these studies reported a topographical organization in IEG expression based on spatial location or the animal's behavior. On the contrary, a study by Redish et al. (2001) in which a systematic analysis of combined IEG expression and unit recordings were performed, it was concluded that "there is virtually no anatomical clustering of spatial or temporal firing characteristics among dorsal hippocampal CA1 pyramidal cells". A major difference between the present and previous studies is the fact that we deliberately restricted our animals to a small part of the environment, while in previous studies the animals explored the entire space.
One possible explanation for the discrepancy between the clustertype organization that we have identified and the non-topographic organization suggested by electrophysiological studies could be the limited number of units that can be simultaneously recorded; further confounded by the tight arrangement of cells in the CA1/CA3 fields. As can be seen in Fig. 1A , although the cells within the clusters are in close proximity, they are not necessarily immediate neighbors. This could possibly reflect the limited cue environment the animals were exposed to, the limited time of the exposure, etc. Another plausible explanation could be the use of tetrodes for recordings in previous studies; granted, these are relatively small (usually less than 100 µm in diameter), they could still be significantly large, which combined with the jagged edges from the twisted bundle, can cause sufficient deformation of the brain tissue and disrupt the identified clusters. Thus, cells recorded with tetrodes may not in reality be neighbors and may come from outside the clusters. On the other hand, with the sharp electrodes and their high impedance used in the present experiment, we could usually record from one cell with clear place fields, even though the electrode was located in the vicinity of a cluster of Zif268 cells. The behavioral characteristics of cells within a cluster and possible correlations of cells across clusters will have to be investigated in future studies.
It should also be noted that although it is generally thought that no functional neuronal organization exists, several electrophysiological studies have reported a topographic organization of hippocampal neurons in rats performing a spatial task (Eichenbaum et al., 1989; Hampson et al., 1999) , or spatial exploration (Hirase, Leinekugel, Fig. 4 . Effects of NMDA R antagonism on Zif268 IR cell distribution. (A) 8-arm maze, used to test mice. The maze was located in a black painted room with visual cues placed either on the wall (top) or on the maze arm itself (lower left). The maze arms were enclosed with clear plexiglas. In the center of the maze, animals were kept within a stainless steel cylinder which was covered with a plexiglass. (B) Representative Zif268 expression images. Lower case letters show: a, entire hippocampus; b and c, magnification of area indicated with square box in CA3 and CA1, respectively. In the Fixed-Location group (top, n = 4), administration of the NMDA R antagonist CPP (10 mg/kg, IP), prior to exposure to the maze (single arm in the 8-arm radial maze), produced a significant, suppression as measured by both the average number of cell clusters (p < 0.02) and the distance between clusters (p < 0.04), in comparison to vehicle treated animals (n = 4). CPP administration also markedly suppressed the number of Zif268 IR cells in the Free-Exploration group (bottom, n = 4; all arms in the 8-arm radial maze), in comparison to non-treated animals (see, Fig. 1 ).
C. Pavlides, et al. Neurobiology of Learning and Memory 161 (2019) 122-134 Csicsvari, Czurko, & Buzsaki, 2001 ). However, these results were based on simultaneous multi-unit recordings from tetrodes that did not allow the assessment of the physical localization of active cells. Using twophoton calcium imaging of hippocampal neurons in mice presented a virtual reality environment, a significant cross correlation in unit activity was observed among identified neighboring (< 35 µm) cells but not for more distant cells (Dombeck, Harvey, Tian, Looger, & Tank, 2010) . Similarly, using calcium imaging to detect neuronal activation, a clustering of cells was reported in the CA3 field, in vitro (Li, Ouyang, Usami, Ikegaya, & Sik, 2010) . Our findings of a cluster-type organization of hippocampal pyramidal cells are in agreement with these studies. Cells with distinct place fields are mainly seen in the dorsal CA1/ CA3 hippocampal fields (Muller, 1996; O'Keefe, 1976) , while in the ventral hippocampus there are considerably fewer place cells and their spatial selectivity is lower (Jung, Wiener, & McNaughton, 1994) , or their spatial scale is greatly increased (Kjelstrup et al., 2008; although see, Poucet, Thinus-Blanc, & Muller, 1994) . Consistent with this, we observed relatively fewer Zif268 IR cells in the ventral hippocampus and there was no evidence of clustering (Fig. 3) . Similarly, we observed very few Zif268 expressing cells in the DG. Sparse expression of Arc mRNA in the DG was also reported in animals following a spatial experience (Chawla et al., 2005) . DG granule cells have been reported to have place cell characteristics, however, their firing rates are very low and their place fields tend to be smaller and discontinuous (Jung & McNaughton, 1993; Leutgeb, Leutgeb, Moser, & Moser, 2007) . Thus, the low firing rates and reduced chances of granule cells having a place field within a particular environment could account for the low number of Zif268 expressing cells in the DG. A small number of excitable DG granule cells in animals exposed to different environments has been reported previously (Alme et al., 2010) . (It should be noted that DG granule cells do express Zif268 at very high levels, under various stimulation conditions (Abraham, Christie, Logan, Lawlor, & Dragunow, 1994; French et al., 2001; Richardson et al., 1992; Worley et al., 1993) . Thus, the low number of active cells in the present study is not due to a lack of Zif268 expression in this field.)
N-methyl-D-aspartate receptors (NMDA R ) play a major role in spatial learning/memory (Davis, Butcher, & Morris, 1992; Morris, 1989; Morris, Anderson, Lynch, & Baudry, 1986) . Place cell firing also depends on NMDA R -both genetic and pharmacological manipulations of NMDA R disrupt place cell activity. Specifically, in NMDA R1,R2 knockout mice there is a disintegration of place fields, as revealed by the lower number of encountered place cells and their reduced precision of place fields Tonegawa et al., 1996; Yan et al., 2002) . Similarly, intra-hippocampal administration of the NMDA R antagonist CPP (3-(2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid) disrupts spatial selectivity (Ekstrom, Meltzer, McNaughton, & Barnes, 2001) , while a systemic administration of CPP (Kentros et al., 1998) or the specific mGlu5 receptor inhibitor MPEP (2-methyl-6-(phenylethynyl) pyridine; (Zhang & Manahan-Vaughan, 2014 ) disrupts the long-term stability of place fields. The present results confirm these previous findings -blockade of NMDA R significantly suppressed the number of Zif268 IR cells (both in the Fixed Location and Free Exploration groups), although it did not eliminate them.
The present study suggests that the Zif268 IR clusters constitute a basic unit of topographically arranged hippocampal neurons to encode for space. A number of questions arise from these results: (1) what is the global organization of the clusters within the hippocampus? This could be answered by using similar behavioral/neuroanatomical methods to the present study and performing a 3-D reconstruction of the entire structure (as well as other cortical (e.g., entorhinal cortex (Fyhn et al., 2004; Hargreaves, Rao, Lee, & Knierim, 2005) and subcortical areas (e.g., subiculum (Barnes, McNaughton, Mizumori, Leonard, & Lin, 1990) ; parasubiculum (Taube, 1995 , in which cells with spatial tuning have been identified); (2) how do cells within a cluster, as well as between clusters, process spatial information? As stated above, the majority of studies thus far have reported no correlation between neighboring cells and their place fields. However, with the ability to identify cells belonging to the same cluster and to perform cross correlation analysis between their activity, as well as the activity across clusters, a better picture could emerge of the spatial map; (3) is the neuronal organization comprising the spatial map hard-wired or is it plastic and constantly evolving with each new environment? In other words, do the same cells participate in limited or multiple maps? It is well known that place cells have stable place fields over long periods of time (months, Thompson & Best, 1990) ; however, they can also have multiple place fields within one environment or fields in different environments. Using nuclear and cytoplasmic co-localization after sequential double stimulation (i.e., catFISH expression analysis of arc or Zif268), it has been reported (Guzowski et al., 1999 ) that the majority (∼90%) of hippocampal pyramidal cells are double labelled in animals exposed to the same environment twice, in comparison to animals that are exposed to two different environments, for which considerably fewer cells (∼20%) were double labeled. In a separate study (Nakamura et al., 2010) , we confirmed this finding (although the percentage of double labelled units was lower, perhaps due to the restricted environment used) and further showed that in the same environment exposed animals, not only are there twice as many double labelled cells but they also form more compactly arranged clusters. Still, although the clusters may form the basic building blocks for the spatial map, interactions between cells within a cluster and across clusters may be as significant in dealing with the unlimited environments an organism may encounter; (4) finally, although we have observed a physical topographic organization of hippocampal neurons (i.e, clusters), it is possible that this organization is dynamically modulated as evidenced by remapping of place fields ; for review, see Colgin, Moser, & Moser, 2008) . Nonetheless, knowing that a topographic organization exists could greatly enhance decoding of the spatial map.
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